INTRODUCTION
Carboxypeptidase of Aspergillus saitoi (designated A. phoenicis by Ballou [1] ) is an exopeptidase that releases most amino acid residues, including proline, from the C-termini of peptides and proteins at acidic pH [2] [3] [4] [5] . A. saitoi carboxypeptidase has been used for automatic C-terminal amino acid sequence analyses of a-amylase from cultured rice cells [6] and Serratia marcesens serine proteinase cloned in Escherichia coli [7] . The A. saitoi carboxypeptidase is a glycoprotein that contains both N-and 0-linked sugar chains. The N-linked oligosaccharides are unique structures of Man10GlcNAc2 [8] and Man 1GlcNAc2 [9] . De- glycosylation of the carboxypeptidase with endo-,#-N-acetylglucosaminidase and a-mannosidase, however, did not affect the enzymic properties of catalytic activity, pH or thermal stability, or resistivity to peptic protease digestion [8, 9] .
A. saitoi carboxypeptidase has been classified as a serine carboxypeptidase (EC 3.4.16.1). Some amino acid sequences of serine carboxypeptidases have been defined, such as yeast carboxypeptidase Y [10] , yeast KEXI protein [11] , malt carboxypeptidase I [12] , malt carboxypeptidase II [13] and wheat carboxypeptidase II [14] , but no definition has yet been made of mould carboxypeptidase. Biochemical studies of serine carboxypeptidases indicated that a serine [15] and a histidine [16] are essential for catalysis. Liao and Remington [17] showed that the enzyme from wheat has a catalytic triad comprising Asp-HisSer that is similar in arrangement to those of the serine proteinases.
We had, however, doubted the finding that A. saitoi carboxypeptidase is in the category of a serine carboxypeptidase because: (1) the optimum pH of A. saitoi carboxypeptidase is lower than other serine carboxypeptidases; (2) A. saitoi carboxypeptidase is not inhibited by serine protease inhibitors such as di-isopropyl fluorophosphate, tosyl-L-phenylalanylchloromethane ('TPCK'), serum. The recombinant enzyme treated with glycopeptidase F migrated with an apparent molecular mass of 60 kDa on SDS/ PAGE, which was the same as that of the de-N-glycosylated carboxypeptidase from A. saitoi. Site-directed mutagenesis of the cpdS indicated that Ser-153, Asp-357 and His-436 residues were essential for the enzymic catalysis. It can be concluded that A. saitoi carboxypeptidase has a catalytic triad comprising AspHis-Ser and is a member of serine carboxypeptidase family (EC 3.4.16.1).
tosyl-L-lysylchloromethane ('TLCK') or N-benzyloxycarbonyl-L-phenylalanine chloromethane (ZPCK); (3) two catalytically active groups on the A. saitoi carboxypeptidase with pKei = 2.3 and pKe2 = 4.9 were recognized to be important in the enzyme action [3] . The pKa of 2.3 could represent participation of an ionized carboxyl group, whereas the pKa of 4.9 could be in accord with the ionization of a carboxyl group or an imidazole group. These PKa values are very close to those of pepsin (EC 3.4.23.1): one is around 1 and the other is between 4 and 5 [18] . Lastly, (4) some chemicals modifying the carboxyl groups inhibit the A. saitoi carboxypeptidase activity. Pyridine-2-azo-pdimethylaniline (PAD), known as an inhibitor of several aspartic proteinases, pepsin and aspergillopepsin I (EC 3.4.23.18) , by forming the complex with zinc(II) [19] , also bound to A. saitoi carboxypeptidase (Y. Chiba, A. Kawasaki and E. Ichishima, unpublished work). The formation of this complex is released from the enzyme by hydrocinnamic acid. It was speculated that zinc(II)-PAD was bound to two catalytic carboxylate groups in the active site of the aspartic proteinases. These results led us to consider that the A. saitoi carboxypeptidase had two catalytic carboxyl groups like an aspartic proteinase.
In this study, we undertook molecular cloning of A. saitoi carboxypeptidase cDNA and expression of the recombinant A. saitoi carboxypeptidase in Saccharomyces cerevisiae. Sitedirected mutagenesis was performed to determine the catalytic residues of A. saitoi carboxypeptidase.
EXPERIMENTAL Materials
All chemicals used were of analytical grade and readily available from commercial sources. A pUCl 18 A. saitoi cDNA library was Abbreviations used: GPD, glyceraldehyde-3-phosphate dehydrogenase; PAD, pyridine-2-azo-p-dimethylaniline; ZPCK, N-benzyloxycarbonyl-Lphenylalanylchloromethane; Z-Tyr-Leu, N-benzyloxycarbonyl-L-tyrosyl-L-leucine.
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The nucleotide sequence data reported in this paper will appear in the GSDB, DDBJ, EMBL and NCBI Nucleotide Sequence Databases with the following accession number: D25288. generated in our laboratory as described by Shintani and Ichishima [20] . The Ito et al. [22] . Cultured cells were centrifuged, and the precipitate was used for assaying the enzyme activity and Western blotting. Cells transfected with vector alone (pG-3) were used as an internal negative control.
Enzyme assay
The assay for acid carboxypeptidase activity towards N-benzyloxycarbonyl-L-tyrosyl-L-leucine (Z-Tyr-Leu) at pH 3.1 was described previously [2] . One katal of the enzyme was defined as the amount required to liberate 1 mol of leucine from Z-TyrLeu/s at 30 'C and pH 3.1, according to the IUPAC and IUB recommendations.
Electrophoresis and immunoblotting SDS/PAGE was carried out using the buffer system of Laemmli [23] in 120% acrylamide gels. Electroblotting of fractionated proteins on to nitrocellulose membrane was carried out by the method of Towbin et al. [24] , and detection was performed essentially according to the method of Hsu et al. [25] .
Digestion of N-linked oligosaccharide Cell extract was denatured in 10 mM sodium phosphate buffer, pH 8.6, containing 0.20% SDS and 0.20% 2-mercaptoethanol while boiling for 5 min. Glycopeptidase F was then added to the cell extract and incubated at 37 'C. After 20 h, the molecular mass of the de-N-glycosylated recombinant carboxypeptidase was calculated by SDS/PAGE and immunostaining.
Purification of recombinant carboxypeptidase YPH250 cells harbouring pGCP13 were precultured in complete minimum tryptophan dropout medium [26] at 30°C for 72 h.
The preculture was then inoculated in yeast extract/peptone/ dextrose medium [26] at 30°C for 48 h, and the culture was centrifuged at 11000 g for 15 min to give a precipitate. The collected cells were lyophilized and homogenized with 0.1 % Tween-20 and the inhibitor mixture [27] . The homogenate was centrifuged for 15 min at 11000 g and the supernatant was immediately applied to a Sephadex G-100 column that had been equilibrated with 10 mM acetate buffer, pH 5.0, containing 0.2 M NaCl. After dialysis against 10 mM acetate buffer, pH 4.0, the active fraction was applied to an SP-Sephadex C-50 column that had been equilibrated with 10 Site-directed mutagenesis The mutated enzymes S153A, D357A and H436A were made by using a Sculptor in vitro mutagenesis system (Amersham). The oligonucleotide 5'-CATGCCCGCATAAGCTTCGCCGGTG-AT-3' (oligo S153A), 5'-GAGGAGGTAAGCGAGCCAGC-CG-3' (oligo D357A) or 5'-CTGCGGGATTTCGGCGCC-AGACAAATACACCG-3' (oligo H436A) was used to introduced the mutations into the cDNA encoding A. saitoi carboxypeptidase. Underlined nucleotides are different from those of the wild type. The mutations were confirmed by sequencing of the mutated sites and surrounding regions. The mutated cDNAs were cloned into the Notl site of plasmid pG-3, resulting in plasmid pGCM 153 (S153A), pGCM357 (D357A) and pGCM436 (H436A) respectively, and transduced into yeast YPH250 cells. [28] and the stop codon is found in the frame at position 22 [10] , KEXI protein [11] , malt carboxypeptidase [12] , malt carboxypeptidase 11 [13] and wheat carboxypeptidase 11 [14] sequences with the differences identified. Amino acids conserved with the serine carboxypeptidases sequence are boxed. sequences of amino acid residues in Figure 1 correspond to the sequences found by amino acid sequencing analyses of native carboxypeptidase from A. saitoi. Hydropathy analysis by the algorithm of Kyte and Doolittle [29] indicates that the Nterminal portion of the polypeptide is hydrophobic, and analysis based on the signal sequence cleavage prediction method of von Heijne [30] indicates possible cleavage sites after the 18th amino acid. Since the A. saitoi carboxypeptidase is secreted into the medium, the N-terminal sequence is thought to function as a signal sequence.
RESULTS
Comparison of the deduced sequence of A. saitoi carboxypeptidase with other known serine carboxypeptidase sequences shows that they share a low degree of similarity (Figure 2 ): 32.4 % with wheat carboxypeptidase II [14] , 32.3 % with malt carboxypeptidase II [13] and 26.2 % with yeast carboxypeptidase Y [10] . However, all of the sequences conserve the catalytic domains (indicated by boxes II to IV in Figure 2 ) and the domain (box I in the Figure 2 ) which contains the amino acid residues recognizing the C-terminal carboxylate group of peptide substrates [31] . There are also present in the sequence ten potential sites for N-linked glycosylation.
Expression of recombinant carboxypeptidase in yeast cells
The A. saitoi carboxypeptidase cDNA was cloned downstream of a GDP promoter, and the resulting plasmid, pGCP13, was used to generate recombinant A. saitoi carboxypeptidase protein.
No enzymic activity was detected in the culture supernatant. We detected the A. saitoi carboxypeptidase activity of the extract obtained from yeast cells transfected with A. saitoi carboxypeptidase cDNA in forward orientation (pGCP13), although no activity was observed with the vector alone at pH 3.1. The recombinant A. saitoi carboxypeptidase activity is not affected by whether the ZPCK, which is an inhibitor of yeast carboxypeptidase Y, is present or not.
Western-blot analysis of yeast cell extracts shows a 72 kDa protein with rabbit anti-(A. saitoi carboxypeptidase) serum, which is consistent with the apparent molecular mass of the native A. saitoi carboxypeptidase. Conversely, the extracts obtained from yeast cells transfected with the vector (pG-3) alone or with cDNA in reverse orientation (pGCP3 1), as negative controls, yielded no stainable protein.
The recombinant carboxypeptidase was treated with glycopeptidase F and was subjected to SDS/PAGE. De-N-glycosylated recombinant enzymes migrated with apparent molecular masses of 62 kDa and 60 kDa, a little larger or equivalent to that of de-N-glycosylated carboxypeptidase from A. saitoi (lane 2 in Figure 3 ).
Characterization of recombinant carboxypeptidase
The recombinant carboxypeptidase was purified using gel-filtration and cation-exchange chromatography ( Table 1 ). The purified recombinant enzyme was homogeneous after SDS/ PAGE and had a subunit electrophoretic mobility slightly greater than that of the carboxypeptidase from A. saitoi (Figure 4) . The recombinant carboxypeptidase was subjected to gel filtration on a TSKgel G3000SW XL column in comparison with standard proteins of known size. The estimated molecular mass of the recombinant carboxypeptidase was 135 kDa (results not shown), which is expected for a dimer.
The specific activity of the recombinant carboxypeptidase towards Z-Tyr-Leu was measured at pH 3.1. The value for Figure 2 , similarity of the amino acid sequence is observed in the Nterminal and C-terminal regions, although the central region is not conserved among the serine carboxypeptidases. The central region of A. saitoi carboxypeptidase has a proline-rich domain which is not seen in other serine carboxypeptidases, suggesting that the region may contribute to the stability of the enzyme. A. saitoi carboxypeptidase is a highly glycosylated enzyme [8, 9] . The molecular mass of the recombinant carboxypeptidase was similar to that of the purified carboxypeptidase from A. saitoi on SDS/PAGE when cpdS was expressed in yeast cells. The result indicates that the composition of N-linked oligosaccharide of recombinant enzyme expressed in yeast cells was nearly the same as that of native carboxypeptidase from A. saitoi. De-N-glycosylation treatment with glycopeptidase F decreased the apparent molecular mass to 62 and 60 kDa. The smaller form is the same molecular mass as that of the deglycosylated enzyme from A. saitoi. We believe that the larger form of the recombinant carboxypeptidase is the result of the unusual processing in the propeptide; however, we have not purified this larger form yet.
The amino acid sequence alignment shows that the catalytic domain is conserved between the A. saitoi carboxypeptidase and serine carboxypeptidases. Alteration of the deduced catalytic residues (Ser-153, Asp-357 or His-436) by site-directed mutagenesis led to loss of all activity of A. saitoi carboxypeptidase towards the peptide substrate. This is the first report of the active aspartic acid of a serine carboxypeptidase being identified by sitedirected mutagenesis. These results suggest that A. saitoi carboxypeptidase has a catalytic residue (Ser, Asp and His) and that the enzyme is correctly placed in the category of serine carboxypeptidases.
This contradiction makes it conceivable that A. saitoi carboxypeptidase may have another catalytic mechanism, in spite of the fact that a serine, a histidine and an aspartic acid are required for catalysis; that is to say, a fourth catalytic residue, which has a carboxyl group in the side-chain, may exist. From the analysis of the pH-dependencies of serine carboxypeptidase Y-catalysed hydrolysis and aminolysis reactions, Christensen [32] has proposed a new reaction model in which a possibly ionizing glutamic acid indirectly plays a role in catalysis. The model could explain why catalysis occurred whenever the histidine was protonated at low pH. A. saitoi carboxypeptidase may have a similar catalytic mechanism. The pH-dependence for the A. saitoi carboxypeptidase-catalysed hydrolysis of Z-Glu-Tyr showed a lower pKa than that ofcarboxypeptidase Y, suggesting an aspartic acid residue, despite glutamic acid on the catalysis of carboxypeptidase Y, possibly participating in that of A. saitoi carboxypeptidase.
Y. C. is a Research Fellow of the Japan Society for the Promotion of Science.
